Abstract. Phosphorus in the environment is mostly bound with iron, magnesium, calcium, and aluminum (Fe, Mg, Ca, and Al, respectively 0,12.5, 62.5, 175, 375, 750, and 
Introduction
stated that P chemistry is dominated by compounds containing phosphorus-oxygen linkages and these are termed as phosphates. Nair et al. (1995) investigated the P forms in soil profiles from dairies in south Florida. They stated that most P was derived from the Ca-Mg associated phosphates from A horizon. Brookes et al. (1982) measured P from microbial biomass in soils. They found that most of the P released was in inorganic form and the proportion increased with the duration of fumigation. Tyler (2002) studied the P fractions in grassland soils. Total mineral (inorganic) P was calculated as the sum of P-Ca, P-Al, and P-Fe. In addition, total P was calculated as the sum of mineral P and organic P.
Advances in spectroscopy have provided new faster and non-destructive methods to the determination of concentration of elements in chemistry. Therefore, it may be possible to use UV (Ultraviolet)-VIS (Visible)-NIR (Near infrared) spectroscopy in sensing different phosphate molecules. Janik et al. (1998) studied the diffuse reflectance analysis in comparison with soil extractions. They stated that recent developments in infrared spectroscopy resulted in an increase in the potential for soil analysis. Also they mentioned that infrared spectroscopy in both the near and mid infrared ranges allowed rapid acquisition of soil information at quantitative, qualitative, or indicator levels for use in agricultural and environmental monitoring. Nyquist and Kagel (1971) investigated the infrared spectra of inorganic compounds. In particular, they listed characteristic frequencies for inorganic ions such as phosphide hypophosphite, orthophosphite, metaphosphite, orthophosphates, pyrophosphate, phosphorothioate, phosphorofluoridate, and phosphorodifluoridate. Dunn et al. (2002) investigated the potential of near infrared reflectance spectroscopy for soil analysis in south-eastern Australia. They suggested that near infrared spectroscopy could successfully determine some soil properties in both the topsoil and subsoil. Lee et al. (2003) conducted a research to estimate chemical properties of Florida soils using VIS and NIR spectroscopy. They produced prediction models to estimate pH, organic matter (OM), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) concentrations of three representative soil orders in Florida such as Alfisol, Entisol, and Ultisol. Bogrekci et al. (2003) studied wet and dry reflectance spectra of soil samples collected from the Okeechobee county in Florida and correlated with P concentrations of soil samples in order to produce prediction model for P in soils. Tyler (2002) studied the phosphorus fractions in grassland soils. He mentioned that results of soil P fractionations are often related to general soil chemical properties, such as soil acidity or weathering state. Calcium phosphate fraction was high in soils of low acidity, and the concentration of Iron (III) phosphate dihydrate was high in very acid soils.
Currently, there are many chemical extraction methods in determining the concentrations of soil P. Different methods applied to different types of soil. The implementations of these extraction methods are laborious, costly and time consuming. Therefore, the success of the proposed investigation and using spectroscopy to determine different P compounds would contribute to soil science for both replacing soil extraction techniques and providing rapid soil P fractionations and determinations. Therefore, this study proposed firstly to detect the existence of soil phosphorus molecules mostly found in the Lake Okeechobee Basins, Florida due to the fact that ultimate aim of this project is to design a P-sensor for the Okeechobee region and secondly to determine the concentrations of each phosphates such as calcium phosphate (CaPO 4 ), aluminum phosphate (AlPO 4 ), iron (III) phosphate dihydrate (FePO 4 2H 2 O), and magnesium phosphate hydrate (Mg 3 (PO 4 ) 2 2H 2 O) in soils.
Material and Methods
Pure sandy soil was obtained from Edgar, Putnam County in Florida to investigate the effects of different phosphorus compounds on reflectance spectra of soils. Sandy soil was graded into different particle sizes using a sieve shaker (RO-TAP, W. S. TYLER, Inc.). Sandy soil particle sizes used were 250 µm. Table 1 tabulated the detail information about the experiment. A total of 112 medium size sandy soil samples were used in this study. In order to remove any existing P in the samples, soil samples were leached using 0.1 molar HCl acid and de-ionized water. After leaching, pH and P concentration of sandy soils were analyzed. Soil pH was measured using a pH/temperature meter (HI 991000, Hanna Instruments) and soil P was determined using a soil test kit (Luster Leaf Products, Inc.). If P was detected in the soil samples, further leaching was applied.
Compounds such as calcium phosphate (CaPO 4 ), aluminum phosphate (AlPO 4 ), iron (III) phosphate dihydrate (FePO 4 2H 2 O), and magnesium phosphate hydrate (Mg 3 (PO 4 ) 2 2H 2 O) were purchased in powder form (Sigma-Aldrich, Inc.). Compounds were mixed into soil thoroughly and soil samples were wetted to field capacity level (8% wet-basis moisture content for the Okeechobee county soils in Florida). Compound rates are given in table 1. Soil samples were incubated for seven days with different P compounds. A spectrophotometer (Cary 500, Varian Inc.) equipped with a diffuse reflectance accessory (DRA-CA-5500, Labsphere) was used to collect spectral reflectance for each soil sample. A 27.5 g of soil sample was used for each scan. Spectral signature for each soil sample was collected using baseline correction mode. Reflectance for each soil sample was measured in 175-2550 nm with an increment of 1 nm. Also, reflectance for each P compound itself was measured in 208-2550 nm with an increment of 1 nm. Since spectra of each soil sample had signal noise between 175-225 and 2525-2550 nm, the spectra of soil samples between 225 and 2525 nm were used and also each compound itself had signal noise between 175-208 nm, therefore, the spectra for P compounds were used from 208 to 2550 nm. Reflectance of the soil samples was measured before and after drying. After reflection measurement of soils, soil samples were oven-dried at 104°C for 24 hours. The soil samples were analyzed for chemical analysis of total P concentrations.
Reflectances of all samples were converted into absorbance in order to find relationship between P concentrations and absorbance of the samples at different wavelengths using the Beer-Lambert's law (Williams and Norris, 2001) . The data was filtered using Savitzky-Golay polynomial convolution filter to remove the noise in the signal. In order to find the significant bands for each compound, correlation coefficient spectra were computed. Correlation coefficients were computed between absorbance and actual total P concentration of the soil samples at each wavelength. Also, in order to observe the relationships between absorbance and P compounds concentration, first derivatives of absorbance were computed. Following correlation coefficient computation, data was divided into two sets of calibration and validation. Calibration data set had 56 soil samples and validation data set had 53 soil samples. Then qualitative analysis was conducted. A combination of some statistical methods such as stepwise discriminant analysis (Proc STEPDISC, SAS/STAT, SAS Inc.), correlation coefficient, and stepwise multiple linear regressions (Proc REG, SAS/STAT, SAS Inc.) were used to select important wavelengths and to reduce the number of independent variables. A discriminant analysis (Proc DISCRIM, SAS/STAT, SAS Inc.) was used to classify the soil samples with different P compounds into the same compound group. Figure 1 The average absorbance of four dry sandy soils with iron (III) phosphate dihydrate from zero to extremely high P compound concentrations in 225-2525 nm wavelengths are depicted in figure 3 . The absorbance values increased with an increase in P compound concentrations of the dry sandy soil with iron (III) phosphate dihydrate, in particular, at 225-490 nm. The results from the reflectance measurement of dry sandy soil with iron (III) phosphate dihydrate suggest that UV absorbance measurement could determine the concentration of the Fe associated phosphorus. Apart from the most significant peak at 281 nm, four small amplitude peaks occurred at 871, 1413, 1934, and 2213 nm. Average dry sandy soil spectra with calcium phosphate from zero to extremely high P compound concentrations at 225-2525 nm wavelengths are given in figure 4. Eight peaks were observed for the dry soil with calcium phosphate at 268, 875, 1415, 1932, 2212, 2314, 2382 , and 2500 nm. The highest absorbance values were seen in the UV range. Absorbance values decreased sharply from 268 to 375 nm. Decrease of absorbance values continued steadily from VIS to NIR. Figure 5 shows the average dry soil spectra with aluminum phosphate from zero to extremely high P compound concentrations at 225-2525 nm wavelengths. Dry soil sample with aluminum phosphate absorbed more light energy in the UV and VIS ranges than in the NIR. The highest absorbance (Abs=0.44) was observed in the UV range. Seven low amplitude peaks in the NIR range and one high amplitude peak in the UV range occurred.
Results and Discussion
Wavelength ( Figure 6 shows the correlation coefficient (r) spectra for the dry sandy soil with four compounds with regard to its P concentrations. Dry sandy soil with iron (III) phosphate dihydrate produced the highest correlation coefficient (r = 0.93 at 343 nm) in the UV range. The highest correlation coefficient between the wet (data not shown) and dry soils for iron (III) phosphate dihydrate noticeably shifted from 317 to 343 nm. Mean correlation coefficient of calcium phosphates for the dry soil increased from 0.21 (wet soils) to 0.41 (dry soils). The highest correlation coefficients of the dry sandy soil samples were 0.68 for aluminum phosphate at 2278 nm, 0.54 for calcium phosphate at 2500 nm, and 0.73 for magnesium phosphate hydrate at 2520 nm. Results from correlation coefficient spectra suggested that determination of P concentrations for soils could be computed from different P compounds exist in a soil sample by sensing reflectance of soil sample in the UV, VIS, and NIR regions and by developing calibration models for individual compounds.
Wavelength ( Figure 7 shows the first derivative of average absorbance of the dry soil samples with iron (III) phosphate dihydrate in 225-2525 nm. There were two higher amplitude peaks at both 257 and 354 nm. At 257 nm, the amplitudes of absorbance were presented a direct positive linear relationship with iron (III) phosphate dihydrate concentrations, whereas, at 354 nm, the amplitudes of absorbance produced a direct negative linear relationship with iron (III) phosphate dihydrate. Figure 8 shows the first derivative of average absorbance of the dry soil samples with iron (III) phosphate dihydrate in 225-450 nm. Peaks at 257 nm showed that first derivative in absorbance increased with an increase in concentration of iron (III) The classification results of validation samples into a certain type of P-compound were tabulated in table 2 for the dry soil samples with four compounds using absorbance in selected wavelengths with different criteria. Increasing the threshold level of correlation coefficient (r=0.4) and using stepwise discriminant procedure reduced the number of selected wavelengths. However, this reduction in the number of wavelengths caused high classification error (54.7%).
Reducing the threshold level of correlation coefficient (r=0.3) and using stepwise discriminant procedure increased the number of selected wavelengths. Although classification error reduced to 15.1%, the lowest classification error (1.9%) was observed when correlation coefficient was equal to 0.35 and stepwise discriminant analysis was used. 
Conclusion
Absorbance spectra of the leached sandy soil samples showed different characteristics depending on added P-compounds. The highest change in absorbance values was observed in the UV region of the electromagnetic spectrum for the sandy soil samples with iron (III) phosphate dihydrate.
Iron associated phosphates showed absorbance bands in UV regions of the electromagnetic spectrum while other investigated phosphates in this study did not show a significant absorption band.
Maximum correlation coefficients of the dry sandy soil samples were 0.93 for iron (III) phosphate dihydrate at 343 nm, 0.68 for aluminum phosphate at 2278 nm, 0.54 for calcium phosphate at 2500 nm, and 0.73 for magnesium phosphate hydrate at 2520 nm.
Discriminant analysis results showed that the existence of Fe, Mg, Al, and Ca associated P in a sandy soil sample could be estimated with a classification error of 1.9% using reflectance spectroscopy.
Sensing qualitative and quantitative Fe, Mg, Al, and Ca associated P would contribute to soil science by replacing soil P extractions and providing rapid and cost effective soil fractionation methods. Further investigations about sensing the mixture of different P compounds in the same soil sample should be conducted to produce prediction models for inorganic P estimations for soils.
